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Abstract: PECVD silicon nitride photonic wire waveguides have been fabricated in a CMOS pilot line. Both clad and unclad single 
mode wire waveguides were measured at λ=532 nm, 780 nm and 900 nm respectively. The dependence of loss on wire width, 
wavelength and cladding is discussed in detail. Cladded multimode and singlemode waveguides show a loss well below 1 dB/cm in the 
532-900 nm wavelength range. For singlemode unclad waveguides losses < 1 dB/cm was achieved at λ=900 nm whereas losses were 
measured in the range of 1-3 dB/cm for λ=780 and 532 nm respectively.   
Index Terms: Waveguides, Waveguide devices, Fabrication and characterization, Photonic materials, Gratings.  
1. Introduction  
Silicon photonics has evolved to become a real-world technology. The combination of high-index-contrast (HIC) and 
compatibility with complementary-metal-oxide-semiconductor (CMOS) processing has helped in low-cost and high volume 
production of high-quality photonic components and circuits. The major driving force behind silicon photonics remains the 
integration of photonic and electronics components on a common silicon-based platform mainly related to on-chip 
interconnects and telecom applications. In recent years, there has been a tremendous surge of interest towards integration 
of photonic devices with different functionalities on a chip for biological sensing and detection [1-2]. Examples include lab-
on-a-chip based systems for evanescent field based sensing [3], fluorescence [4] and Raman spectroscopy [5]. For such 
applications, the visible and very-near-infrared (VNIR) (500-950 nm) wavelength window is of particular interest due to 
minimal photo damage to living cells, negligible water absorption, low fluorescence, and the availability of low-cost sources 
and sensitive silicon-based detectors. 
However, for all its technological development silicon remains transparent only for wavelengths > 1.1 μm thereby making it 
unsuitable for most of the bio-related applications that require shorter wavelengths in the visible-VNIR range for optimum 
performance. Silicon nitride (Si3N4) is a well-known dielectric material that is transparent in the visible-NIR and beyond, 
compatible with CMOS-based processes for low-cost mass fabrication, possesses relatively high refractive index (n~2.0) for 
tighter confinement, does not suffer from two-photon absorption, and has lower temperature sensitivity than silicon. 
Predominantly, Si3N4 is deposited using low-pressure chemical vapour deposition (LPCVD) or plasma-enhanced chemical 
vapour deposition (PECVD) technique. Of the two, LPCVD is often preferred as it provides an excellent control over the 
homogeneity of material index and thickness. However, it remains a high-temperature process (>700
o
C) and it induces high 
stress, particularly in the thicker films (>300 nm) making it unsuitable for many integrated optical devices. On the other hand, 
PECVD is a low-temperature process (200-400
o
C) and enables stress-free thicker film deposition, making it a better 
alternative for many photonic-based applications. However, the film homogeneity is poorer than in the case of LPCVD films. 
Therefore, a well-optimized process for low-loss Si3N4 waveguides using PECVD provides a very attractive route towards 
high-volume fabrication of integrated photonic devices.  
So far, low-loss Si3N4 waveguides in the visible-VNIR have been fabricated mostly by LPCVD [6-8]. Low-loss (< 1 dB/cm) 
in these waveguides was achieved by restricting the etch-depth to low values (5 nm) [6] or by making wide (> 10 μm) 
multimode waveguides [7] in combination with complete cladding of the waveguide by SiO2. Gorin et al. demonstrated low-
loss (<0.5 dB/cm) high-index PECVD slab waveguides in the 470 nm-633 nm wavelength range [9]. This was achieved by 
optimizing precursor gas ratio, low-frequency PECVD that reduced the absorption losses and rapid thermal annealing of the 
waveguides. Recently, singlemode photonic wire (cladded) with low waveguide (<0.7 dB/cm) and bend (<0.05 dB/90
o
) loss 
fabricated within a CMOS pilot-line was demonstrated for the first time at 660 nm using PECVD technology [10]. However, 
the dependence of waveguide loss on different parameters such as wavelength (within the visible-VNIR range), waveguide 
width and cladding is yet to be reported. In this work, we compare PECVD nitride photonic wires fabricated in a CMOS pilot-
line for different wavelengths (532, 780 and 900 nm), singlemode widths, and cladding conditions respectively. Waveguide 
loss of < 1 dB/cm was achieved for cladded waveguides at 532 nm and 900 nm wavelength.   
2. Waveguide Design and Simulations  
For Si3N4 waveguide characterization a test mask was designed comprising of straight and spiral waveguides of different 
lengths (1, 2, 4 and 8 cm) and different widths with grating couplers (GCs) at each end for input and output coupling of light.  
The Fimmwave mode solver was used for design and simulation.  A cross-section of 180-220 nm height and width in the 
range of 300-1000 nm was used for the core of the Si3N4 waveguide. It was found that the minimum oxide thickness to avoid 
any significant leakage into the substrate was 1.5 μm; therefore in the simulations the oxide thickness was taken as 2.0 μm. 
The above geometry of Si3N4 waveguide ensured singlemode operation in the complete visible-VNIR range. The grating 
couplers (GCs) were designed using CAMFR, an eigenmode expansion tool [11-12]. The GCs were designed for TE 
polarization and the corresponding period, linewidth and etch-depth was calculated for different wavelengths (532, 780 and 
900 nm) as described in our previous work on the GCs for NIR wavelength [13].  
Fig. 1 shows the dispersion results for the Si3N4 waveguides at different wavelengths for different widths for both cladded 
and uncladded waveguides. The cladded waveguides  received a 2 μm thick PECVD SiO2-top coating. The refractive index 
of Si3N4 was taken as 1.93 (at 532 nm) and 1.89 (at 780 nm and 900 nm) and, 1.46 as the index of SiO2 respectively. The 
refractive indices were determined by ellipsometry on the deposited Si3N4 and SiO2 thin films (to be discussed in the next 
section). The Si3N4 height was taken as 180 nm for λ=532 nm and, 220 nm for λ=780 nm and λ=900 nm respectively. Based 
on the above parameters, the singlemode width at 532 nm wavelength was determined to be ~380 nm for the cladded and 
~530 nm for the unclad waveguides. At 780 nm, singlemode width was 900 nm for the unclad waveguide and ~630 nm for 
the cladded waveguide, and finally the corresponding singlemode width at 900 nm wavelength was ~1100 nm for the unclad 
and ~770 nm for the cladded waveguide respectively. It should be noted that an unclad waveguide reaches cutoff for widths 
≤ 500 nm at 900 nm wavelength as depicted in fig. 1(c). 
 
 
Fig. 1. Dispersion diagram for Si3N4 waveguides for different widths and wavelengths (a) 532 nm, (b) 780 nm and (c) 900 nm. 
 
3. Waveguide Fabrication and Characterization 
To build a photonic circuit in Si3N4, we start with a 200 mm bare silicon wafer.  After cleaning the wafer, 2-2.4 μm of silicon 
dioxide (SiO2) was deposited using a high-density plasma (HDP) CVD  process. On top of the isolating oxide, Si3N4 was 
(a) (b) 
(c) 
deposited using PECVD on different wafers.  Two thicknesses of Si3N4 were chosen, 180 nm Si3N4 stack for 532 nm 
wavelength and 220 nm Si3N4 stack for 780 and 900 nm wavelength operation respectively. PECVD Si3N4 was deposited 
using SiH4, N2 and NH3 at 400
o
C, which ensured CMOS back-end compatibility. The precursor gas-ratio was chosen as to 
minimize loss, following the results of ref. [8]. After the layer deposition, waveguides and grating couplers were patterned by 
using 193 nm optical lithography. This was followed by the inductive coupled plasma-reactive ion-etch process, using 
fluorine-based etch chemistry. The waveguides were completely etched to form strip waveguides with different widths (300-
1000 nm) and the GCs were partially etched (70-140 nm) by tuning the etch duration. The optimum value for the underlying 
oxide thickness and etch-depth for GCs was based on a previous study on the optimization of GC at 900 nm wavelength 
[13].  Photoresist was used as an etch-mask for both etch processes. After dry etching, the wafers were cleaned by using 
oxygen plasma and a wet chemical process. Since Si3N4 does not possess any absorption band in the visible-VNIR 
wavelength range, therefore no annealing or thermal treatment was applied to the nitride samples.   
The refractive index and thickness of the film were determined by ellipsometry. The film quality in terms of roughness was 
determined using atomic force microscopy (AFM) on both the SiO2 and Si3N4 films. Finally, the propagation loss in the wire 
waveguide was measured at different wavelengths by cut-back method using spiral waveguides with different lengths and 
bend radius. The measurements were done by coupling light from a laser source using a singlemode fibre through an input 
GC into the Si3N4 waveguide. Another similar fibre is positioned above an output GC to collect the light into a power meter. 
The position of the fibre was optimized for the maximum transmission. These measurements were performed for TE 
polarisation using different laser sources (532, 780 and 900 nm). 
 
4. Experimental Results and Discussion 
4.1. Optical characterization of the Si3N4 thin film 
The ellipsometry measurements were performed on the as-deposited Si3N4 thin films. A fit to the experimental values 
using Cauchy dispersion model yielded the best results for the index and thickness. The value of the thickness as 
determined by the Cauchy model  compared well with the measured thickness value using stylus profilometer. Fig. 2 shows 
the refractive index vs. wavelength for the fully optimized Si3N4 thin films. A refractive index of ~1.89 was measured for the 
Si3N4 at 780 nm. A standard 9-point thickness measurement was performed on one of the test wafers from the lot. An 
average thickness of 178.9 nm was obtained with a standard deviation of 4.6 nm for a targeted value of 180 nm. The 
minimum and maximum thicknesses were 174.2 and 186.2 nm respectively.  
 
Fig. 2. Refractive index of as-deposited Si3N4 thin film determined by ellipsometry 
 
The film quality in terms of roughness for both the SiO2 and Si3N4 thin films was determined using AFM. In order to have a 
low scattering loss the deposited thin film (both oxide and nitride) should be as smooth as possible. Any roughness present 
on the oxide layer is transferred to the nitride layer deposited later on top that eventually leads to light scattering out of the 
waveguide. The 3D representation of the root mean square (r.m.s.) roughness value of the films (2 μm HDP SiO2 and 100 
nm PECVD Si3N4 on top of 2 μm HDP SiO2) measured using AFM is shown in Fig. 3. The measurements were done with the 
help of an AFM probe by scanning the top surface of both the SiO2 and Si3N4 films over an area of 2 μm x 2 μm. The r.m.s 
roughness value for the 2 μm HDP SiO2 film was measured to be extremely low at 0.13 nm (Fig. 3(a)) and the 100 nm Si3N4 
film deposited on top of oxide also exhibited a very low r.m.s. roughness value of 0.28 nm (Fig. 3(b)). 
 
 
Fig. 3. RMS roughness value measured by AFM of (a) SiO2 and (b) as-deposited Si3N4 thin film 
 
4.2. Optical Characterization of the Si3N4 wire waveguide  
The Si3N4 strip waveguides were inspected under scanning electron microscope (SEM) for measuring the waveguide 
dimension and analyzing the etch quality of the waveguides. On the test wafers for measurements at 532 nm, the bottom 
cladding was 2 μm HDP silicon dioxide, optimized to give the highest GC efficiency. The thickness of the nitride stack was 
fixed at 180 nm whereas the waveguide width was varied from 300 nm to 1000 nm. For cladded waveguides, another layer 
of 2 μm SiO2 was deposited on top of the waveguides. For the 780 and 900 nm wavelengths, the bottom oxide cladding was 
2.4 μm HDP SiO2. The thickness of Si3N4 was fixed at 220 nm and width was varied between 450 and 800 nm. Fig.4 shows 
the SEM pictures of the cross-section of one such fabricated waveguide corresponding to the 220 nm Si3N4 waveguide and 
one of the GCs. The cross-section of the waveguide and GC were made using focused ion beam (FIB) and were analysed 
using SEM. The relatively low-index-contrast between Si3N4 and SiO2 (as compared to SiO2 and silicon) leads to low 
contrast SEM images due to which there is no marked distinction between Si3N4 and SiO2 layers in Fig 4. In order to avoid 
charging effects, a thin layer of gold was deposited prior to FIB/SEM measurement. The nominal width of the waveguide (on 
the mask) was designed to be 500 nm and the measured width on the chip was 485 ± 25 nm. The Si3N4 thickness was 
measured to be 230 ± 15 nm for a targeted value of 220 nm. This is depicted in Fig. 4(a). It is also evident from Fig. 4(a) that 
there is a slight over-etching of the nitride leading to an etching of around 20-40 nm of the underlying oxide as well. Fig. 4(b) 
shows the entire cross-section of the waveguide along with the underlying oxide layer. The targeted oxide thickness was 2.4 
μm and the measured thickness is found to be the same. However, across the wafer the oxide thickness was found to vary 
by over 5%. Lastly, Fig. 4(c) shows the cross-section of the GCs. The intended period and etch depth of the GC was 630 nm 
and 140 nm respectively. The measured period and etch depth was found to be 620 nm and 135 nm which is in reasonable 
agreement with the nominal value. 
 
Fig. 4. SEM pictures of Si3N4 cross-section prepared by FIB (a) Si3N4 waveguide, (b) complete cross-section including underlying SiO2 and (c) GC with 630 
nm period and 140 nm etch depth 
 
Two types of GCs were designed  linear GC  and curved GC  but for all the results discussed in this paper, only the LGC 
is considered. In case of LGC for 780 and 900 nm, two GCs at either end of the waveguide were defined on a 8 μm wide 
waveguide which was adiabatically tapered down to the desired wire width. Whereas for 532 nm, a 5 μm wide waveguide 
was used together with a taper of 125 μm length. The period of the GC was fixed for different wavelengths of operation 
whereas the etch depths (70, 120, 140 nm) and fill factor (0.45, 0.5, 0.55, 0.6) were varied. For 532 nm wavelength 
operation, the period of the GC was fixed at 365 nm, for 780 nm wavelength, the period was fixed at 530 nm and finally for 
900 nm wavelength, the period was fixed at 630 nm respectively. Typical efficiency of these GCs were around ~7 dB/coupler 
that is comparable to standard GCs used in silicon photonics. However, being a deposited material it is very much possible 
to improve the efficiency of the coupler to <3 dB/coupler through the use of distributed Bragg reflector [13-14] or as recently 
shown by using metallic reflectors underneath the film [15-16]. The cladded samples due to the reduced grating index 
showed an improvement in the coupling efficiency to ~6 dB/coupler with a slight blue shift in the peak wavelength.  
The variation in the waveguide loss for the different widths of the unclad Si3N4 wire at 532 nm, 780 nm and 900 nm 
wavelengths is shown in Fig. 5. The waveguides exhibited < 1 dB/cm for wider widths (>700 nm) for both 532 nm and 900 
nm wavelengths. For the widths in the range of 500 nm-700 nm, the wires showed losses in the range of 1-2 dB/cm for all 
the three wavelengths whereas for the widths < 500 nm relatively higher waveguide loss was measured. At 532 nm 
wavelength, waveguide widths in the range of 300-1000 nm were measured and the best loss value was achieved for the 
waveguides wider than 800 nm at 0.65 dB/cm. At 780 nm wavelength, four different widths (450, 500, 600 and 700 nm) 
were measured and the best loss value measured was 1.33 dB/cm for 700 nm wide waveguide. Finally at 900 nm 
wavelength, four widths (500, 600, 700 and 800 nm) were measured and the best loss values were exhibited by 800 nm 
wide waveguides at 0.62 dB/cm. The 500 nm wide waveguide showed much higher transmission loss. This is because 
around 500 nm the mode is close to cut-off as shown in Fig. 1 and the cutback method could not be trusted anymore 
consequently the loss values at 500 nm wide waveguide at λ=900 nm is not shown in Fig. 5  
 
Fig. 5. Waveguide loss variation for the different widths of unclad Si3N4 waveguide at 532, 780 and 900 nm.  
 
The waveguide loss variation for different widths and different wavelengths for cladded samples is shown in Fig. 6.  At 532 
nm wavelength, the waveguides showed a loss of < 1 dB/cm for 400 nm wide wire (singlemode) and the losses gradually 
dropped to beyond the measuring accuracy of the set-up (< 0.1 dB/cm) for wider waveguides. For the widths < 400 nm, the 
waveguide loss was < 2 dB/cm. At 900 nm wavelength, loss was < 1 dB/cm for the entire singlemode regime of 500-800 nm 
wide waveguides. The best loss measured was 0.3 dB/cm for 800 nm wide waveguide. Due to the presence of upper 
cladding, the 500 nm wide waveguide also exhibited low loss unlike unclad waveguide where the waveguide went into cut-
off (Fig. 1). 
 
Fig. 6. Waveguide loss variation for the different widths of clad Si3N4 waveguide at (a) 532 nm  and (b) 900 nm) 
 
The loss behaviour observed for the Si3N4 wire waveguides- the reduction in the loss for the clad samples and for the 
wider waveguides, together indicate the presence of sidewall roughness. As is clear from the AFM results in Fig. 3 that 
shows negligible roughness on the deposited film itself so etching is believed to have caused some roughness on the 
sidewalls.  The loss pattern observed at 900 nm wavelength is mainly attributed to the presence of sidewall roughness that 
leads to excess scattering thereby increasing the loss. At 780 nm wavelength, Rayleigh scattering is stronger than at 900 
nm (~ 1/λ
4
) and in the presence of sidewall roughness, this scattering becomes more prominent leading to higher loss than 
at 900 nm wavelength. At narrow widths such as 450 nm (at λ=780 nm) and 500 nm (at λ=900 nm), waveguides are closer 
to cut-off (see Fig. 1) which leads to an increased leakage loss into the substrate and together with the sidewall roughness 
contributes to the overall waveguide loss. This puts an upper limit on the minimum width of the waveguide that can be used 
for practical applications. At 532 nm wavelength, the wider waveguides (>600 nm) show losses <1 dB/cm since the 
waveguides are multimode which increases the confinement of the mode resulting in less influence of the sidewalls on the 
waveguide loss. But in the singlemode regime (<600 nm) the effect of the sidewalls and Rayleigh scattering increases 
significantly which causes the waveguide loss to increase exponentially.  
As already seen in Fig. 6 that the use of cladding has significant effect on the loss values and losses < 1 dB/cm is 
achieved in 532-900 nm wavelength range. But applications such as evanescent field based sensors demand unclad 
singlemode waveguides with low-loss values. In order to have similar losses (< 1 dB/cm for the 532-900 nm wavelength 
range) in unclad Si3N4 wire waveguides, slight improvement in the etching process is envisaged to reduce the sidewall 
roughness. In addition, wider waveguides tend to have lower losses (Fig. 5) which also makes fabrication tolerances much 
less stringent and less prone to fabrication imperfections. For example, the singlemode widths for the wavelengths 780 and 
900 nm, as shown in Fig. 1, are 900 nm and 1100 nm respectively. Such wide waveguides are expected to yield lower loss 
even when unclad and are favorable in terms of fabrication tolerances as well. 
Finally, to test the uniformity of the fabrication process the loss was measured on different dies across a wafer. Fig. 7(a) 
shows the regions from where the dies were selected whereas Fig. 7(b) shows the actual loss measured from these dies at 
900 nm wavelength. Each data point on the Fig. 7(b) represents an average over three different waveguides from each die. 
The samples used were unclad and had a wire width of 800 nm. The result shows a reasonable uniformity in the 
performance of the waveguide across the wafer. The dies (4, 5, 6, and 7) towards the centre of the wafer showed lower loss 
(<0.8 dB/cm) whereas the dies (10-12) towards the edge showed slightly higher loss (~ 1 dB/cm). This is because close to 
the edge of the wafer the fabrication non-uniformity is the greatest resulting in imperfections and higher losses. The result 
for die #3 is not shown in Fig. 7 as it was not possible to measure the waveguide due to unwanted debris sticking to the 
waveguide surface that could not be removed. It is worth mentioning here that the wafer measured was not tiled and it is 
widely accepted that wafer-tiling leads to an uniform exposure and reaction of the material to the etching process and 
consequently to an uniformity in the device’s performance. The loss variation across the wafer along with the uniformity in 
the thickness of the thin film points towards a good stable process for the fabrication of the waveguides.  
 
 
Fig. 7. Waveguide loss variation across wafer for different dies of 800 nm wide unclad Si3N4 waveguide at 900 wavelength. The die location is shown in  
(a), whereas the corresponding waveguide loss in (b) 
 
5. Conclusions  
We have demonstrated low-loss singlemode PECVD photonic wire waveguides fabricated in a CMOS pilot line for visible-
VNIR wavelength applications. The PECVD nitride thin film was measured to have a refractive index of 1.89 at 780 nm and 
it showed a very smooth surface (r.m.s. roughness ~0.28 nm). The waveguide losses were measured using cutback method 
and were performed at 532, 780 and 900 nm wavelengths respectively, for Si3N4 wires with a height in the range of 100-220 
nm and widths in the range of 450-800 nm. Both unclad and SiO2 cladded waveguides were measured and the losses were 
compared. The Si3N4 wire waveguide losses exhibited a large dependence on the width and upper cladding condition. 
Cladded singlemode Si3N4 wires exhibited low-loss (<1 dB/cm) in the 532-900 nm wavelength regime whereas the unclad 
singlemode wire waveguides exhibited losses <1 dB/cm only at 900 nm and higher loss of 2.3 dB/cm (at 532 nm) and 1.33 
dB/cm (at 780 nm) respectively. A good uniformity along the wafer was measured in terms of index, thickness and 
waveguide loss indicating stable process for reproducible results.  
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